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ABSTRACT
Traditional classification systems for living organisms like the Linnaean taxonomy involved
classification based on morphological features of species. This traditional system is being replaced
by molecular approaches which involve using gene sequences. The COI gene, also known as the
”DNA barcode” since it is unique in every species, can be used to uniquely identify organisms and
thus, classify them. Classifying using gene sequences has many advantages, including correct
identification of cryptic species(individuals which appear similar but belong to different species)
and species which are extremely small in size. In this project, I worked on classifying COI
sequences of unknown species to a genus, using Profile Hidden Markov Models.
(Taxonomy Ranks: Kingdom → Phylum → Class → Order →Family → Genus → Species)

Index terms – COI gene, Classification, Profile Hidden Markov Models
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1. Background
The enormous diversity of living organisms on this planet requires a categorization and
naming system so that they can be studied systematically. Studying the characteristics of a
plant or animal becomes a lot easier if it is identified as belonging to a particular group. Also,
understanding a newly discovered species becomes much easier if it can first be classified into
a well-defined group.
The rate of extinction of important species is being accelerated by human activities. Species
are becoming extinct even before they are discovered and their unique contribution to the
ecosystem is lost forever.
The knowledge of the distinct plants and animals is important for the full understanding
and maintenance of this planet’s biodiversity. The first step in understanding the different
species and their importance in the ecology involves classifying them.

1.1. Traditional morphological based classification
Morphological or structural features are the basic factors using which species can be
identified. This includes external morphology like shape, color, structure, pattern, size and
internal morphology like bone-structure and organs [1].

Different organisms can be

distinguished from each other based on their morphological features. Closely related species
are more similar morphologically compared to distantly related species.
A group of one or more populations of an organism which share common characteristics
and can be differentiated from each other are called taxa. The science of naming, describing
and classifying organisms is called taxonomy [2][3][4]. Traditionally, taxonomists have
classified species based on only morphological features. In the 18th and 19th century, naturalists
1

spent their lives identifying species and naming purely based on their physical characteristics.
Most naturalists of that time believed that plants and animals structural form has remained
unchanged since the time they were created [1]. There was no concept of species evolution.
An influential scientist of the 18th century was Carl Linnaeus, who presented a universal
classification system for all organisms based on their morphological characteristics [6]. In his
book “Systema Naturae” he presented a scheme for classifying all known and yet to be
discovered organisms according to their physical characteristics [5]. The top three kingdoms
were - Animalia for animals, Vegetabilia for vegetables and Mineralia for minerals. At the
bottom were Species. Each kingdom was further subdivided into classes, orders, families,
genera, and species. Additional ranks such as family were later added to accommodate the
growing number of species [6].
The Linnaean classification system uses two Latin name categories – genus and species to specify each organism. This system of naming is known as binomial nomenclature. Modern
humans in this system were given the name – Homo sapiens or “a man who is wise.” Homo is
the genus and sapiens is the species.
The Linnaean system is the most widely accepted and even today is the basic framework
for taxonomy. However, the original system has undergone a lot of changes due to discoveries
and newer technologies to analyze species.
The hierarchy of the Linnaean classification system is shown in Figure 1.
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Figure 1. Linnaean Classification System
Example of Linnaean Classification
Coyotes and Gray wolves are closely related species and share a long evolutionary history.
They belong to the same Domain, Kingdom, Phylum, Class, Order, Family and Genus.
However, their scientific names – Canis latrans for Coyote and Canis lupus for Gray wolf
give a clear indication that they belong to different species [7].

3

Figure 2. Example of Linnaean Classification System

1.2. Drawbacks of traditional methods
There are several drawbacks of the traditional method of using morphological traits
for species identification and classification. An example is its failure to identify cryptic
species. Cryptic species are two or more different species who have highly similar physical
characteristics and hence have been classified as the same species. Cryptic species are not
uncommon and are found in various types of habitats, from deep sea clams to freshwater
fish and from tropical butterflies to arctic plants [8]. It is important to identify this large
diversity of species correctly.
Phenotypic plasticity (changes to an organism’s behavior or morphology
concerning an environment) and genetic variability in the characteristics can also lead to
incorrect identifications [9]. Morphological traits sometimes also change with stages of life
or gender of an organism. For example, for identification of species of Diptera, male
genitalia is mainly used as a character. [10].
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Other cases in which this method fails is when the species size is small, or the
specimens are damaged. Polymorphism, where two organisms which belong to the same
species but do not share the same morphological features is another situation where
identification through morphological characteristics fails [11].
Finally, identification based on morphological features requires a high level of
expertise on the part of the taxonomists employed for classification. Misidentifications by
taxonomists are also common.

1.3. Classification using DNA barcoding
The limitations of the traditional method necessitated the need for an alternate
approach for species classification. A promising approach is the use of a unique gene
segment or DNA marker present in all species. This approach has already been widely used
by those studying organisms which cannot be morphologically identified like viruses and
bacteria. However, this approach can be effectively applied to higher forms of life as well
[9].

1.3.1. COI gene
A 650 base pair region on the 5’ end of the mitochondrial cytochrome oxidase subunit
I (COI) gene has been proposed to be an ideal candidate for uniquely identifying species
or to be the “barcode of animal life”. Using COI as the DNA barcode has two significant
advantages – the universal primers for this gene are very robust and it appears to possess a
greater range of phylogenetic signal than any other mitochondrial gene [9].

5

A pioneering study conducted to evaluate the potential of COI for the animal phyla
showed that it classified 96% of new taxa to the correct phyla. For the class Hexapoda,
100% of the taxa were classified correctly. Another subject tested were lepidopterans a
group in which species divergence is very low. Identification accuracy was 100% in this
case as well [9].

1.3.2. How DNA barcoding solves problems of the traditional method
Ornithomya louseflies are a type of bloodsuckers found on birds. Morphological
characters could not conclusively distinguish between two species - Ornithomya fringillina
and Ornithomya chloropus among a series of specimens. Four morphological and one life
history character had been proposed for their separation which included wing length,
number of scutellar bristles, size of a dark spot on the ventral side of the head, degree of
setosity on the wing and duration of the pupal stage. These characteristics showed
continuous variations and could not be used to distinguish between the two species
conclusively. The COI sequences of the specimens were analyzed, and it showed low
variability between specimens of the same species and high variability between specimens
of different species. The COI sequences thus provided strong evidence about the presence
of two-separate species [12].
Another case involves the pentatomid bugs belonging to the Halys genus. A study of
the male and female genitalia of certain organisms found high variability in what otherwise
appeared to be one species within this genus. The COI sequences of these specimen
organisms were able to determine that they indeed belonged to the same species
conclusively

6

DNA barcoding data thus provided strong evidence in the above two cases where the
traditional method failed [13].

1.4. Barcode of Life Data Systems (BOLD)
1.4.1. Introduction
The Barcode of Life Data Systems (BOLD) is a free cloud-based platform to study and
analyze DNA barcode data. Plant and animal barcode data is available in a database.

1.4.2. Databases
The Public Data portal is the publicly available database of all public sequences on BOLD.
Users can filter results based on taxonomic, geographic or institution keywords.

Figure 3. BOLD Public Data Portal
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1.4.3. Taxonomy Browser
Taxonomy Browser allows the user to browse the data based at the different taxonomic
levels. At the highest level of classification, which is Kingdom, user can select between
Animals, Plants, Fungi, and Protist. They can navigate starting from the phyla up to the
species level. Specific organisms can also be searched using the search bar. An example of
search results on searching for “Chordata” is shown in Fig. [4]

Figure 4. Example of search in BOLD - Taxonomy Browser

1.5. Profile Hidden Markov models (PHMM)
1.5.1. Overview
Unique genetic markers like COI sequences of closely related species would be more
similar to each other compared to sequences of species which are distantly related. An
alignment of two sequences indicates which regions of the two sequences are the same or
8

similar and which regions are variable. Over time, sequences may diverge, but certain
regions in them which have important biological functions would not change. These
regions are known as conserved regions. Certain parts of the sequence may also get
deleted over time, these are known as gaps or indels.
If a set of biological sequences belonging to a certain group is known, a new sequence
can be determined as belonging to that group by performing a pairwise alignment with one
of the group members. However, pairwise alignment with only one member may not find
distantly related sequences. A better approach would be to use a multiple sequence
alignment of all sequences of the group. A variation of Hidden Markov Models known as
Profile Hidden Markov models is an ideal candidate for this purpose.
Consider a multiple sequence alignment without any indels:

Figure 5. Multiple Sequence Alignment

To determine a Hidden Markov Model from this multiple sequence alignment (MSA), there
are four elements required – emissions, states, state transition probability, and emission
probability. The emissions here are the different symbols. The only type of state here is the
match state. The transition probability of going from one match state to another - 𝑀𝑖 to
𝑀𝑖+1 is 1. The emission probabilities are the symbols observed at each position.
9

𝑒𝑖 (𝑎) is the probability of observing symbol ‘a’ at position ‘i’.

Figure 6. The simple view of the model

Given this model, the probability of a new sequence 𝑥 is,

Here, L is the length of the block of the MSA. For efficient calculations, the log odds ratio
is given by,

Here 𝑞𝑎 is the probability of observing ‘a’ in a random model.
We thus have match states 𝑀𝑗

with emission probabilities 𝑒𝑀𝑗 (𝑎)

and transition

probability 𝑃𝑀𝑗 𝑀𝑗+1 (equal to 1 in this example) between match states.
To consider sequences having indels, insert states and delete states are required in this
simple model.
Insert state 𝐼𝑗 models’ insertion after position j. 𝑒𝐼𝑗 (𝑎) is the emission probability of the
insert state.
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Similarly, delete states 𝐷𝑗 models deletion after position j. There are no emissions for
delete states.

The structure of a profile hidden markov model is shown in Fig. 7

Figure 7. Profile Hidden Markov Models
In the diagram [fig. 7], the squares represent the match states which are the columns of the MSA.
The diamonds represent the insert states, used to model variable regions in the alignment. The
circles represent the delete states, used to model gaps or indels (“-”) in the alignment.
1.5.2. Pairwise Alignment
Pairwise alignment involves taking a pair of sequences and determining their similarity to
each other by aligning their symbols in a column-wise manner. There are two types of mutations
which can occur in a sequence – substitution in which one character is replaced by another or
indels – in which one or more characters get inserted or deleted.
Pairwise alignment usually utilizes dynamic programming.

To consider substitution

mutation, an N x N matrix called substitution matrix is used where N represents the unique symbols
in the sequence. The most commonly used substitution matrices are PAM and BLOSUM. A gap
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penalty function is used to account for gaps which may have to be inserted while performing an
alignment. A substitution matrix and gap penalty function together determine the tradeoff between
adding indels in an alignment compared to allowing misalignments between symbols. An example
of pairwise sequence alignment is given in Fig 8.

Figure 8. Pairwise Sequence Alignment
The total score assigned to an alignment would be the sum of terms for each aligned pair of bases
plus terms for each gap. The score for the alignment would be the sum of scores of each aligned
pair of symbols (obtained from substitution matrix) plus the gap penalty.
The next step would be to construct a multiple sequence alignment from a collection of pairwise
alignments.
1.5.3. Multiple Sequence Alignment (MSA)
A progressive alignment strategy is a widely used and efficient method for MSA. In this process,
a pair of aligned sequences are taken and merged with another pair. The resulting pairwise
alignment is merged with another pair. This process is continued until all sequences have been
considered.
Given a set of n training sequences, a substitution matrix S and a gap penalty function g, MSA is
constructed as follows:
i)

Evaluate pairwise alignments for all pairs of sequences
12

ii)

Select a subset of pairwise alignments such that it maximizes the sum of the scores.

iii)

Generate a minimum spanning tree for this subset

iv)

Add pairwise alignment to MSA based on the spanning tree. Insert gaps where
needed. [16]

Figure 9. Multiple Sequence Alignment
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1.5.4. PHMM from MSA
Given a multiple sequence alignment, the match states, insert states and delete states are
determined for each position. Columns with more than 50% indels are usually modeled as
insert states.
Next, through simple counting, the observed emissions 𝐸𝑘 (𝑏) and transitions 𝑃𝑘𝑙 are
evaluated. From these, transition and emission probabilities are then computed as:

Pseudo counts may also be used to avoid overfitting.
Thus, the PHMM is determined from the MSA.

1.5.5. Scoring
After constructing a PHMM from an MSA, the resulting model can be used to score an
unknown sequence. The score gives an idea about how well the sequence matches the training
set- a high score indicates a good match while a relatively low score indicates a poor match.
To align or score a sequence X of length m with a PHMM of length L, the Viterbi algorithm
can be used.
Let 𝑉𝑗𝑀 (𝑖) be the log odds score of the best path matching subsequence X[1...i] to the model
up to state j, with Xi being emitted by state Mj.
Similarly, 𝑉𝑗𝐼 (𝑖) is the log odds score of the best path ending with Xi being emitted by insert
state Ij. And 𝑉𝑗𝐷 (𝑖)is the log odds score of the best path ending with Xi being emitted by
delete state Dj. The formulas for the computation are [27][28]:
14

Figure 10. Viterbi Algorithm

Compared to other sequence alignment and database search tools like BLAST and FASTA,
Profile Hidden Markov Models have proven to be more accurate and effective due to their
probabilistic models. PHMM’s are statistical models of a multiple sequence alignment. They
provide position specific information about the conservation of each column. PHMM’s uses
position-specific scoring for nucleotide/amino acids as well as indels compared to BLAST or
FASTA which uses position-independent scoring. This makes PHMM’s much more powerful
than BLAST and FASTA [27].
This project uses COI sequences of various animal species and builds PHMM’s of different
genera (plural: genus). The trained PHMM’s would then be used for testing of unknown
sequences.

2. Methods
2.1. Data Gathering

15

The COI sequences were extracted from the BOLD database [14]. For this project, we
decided to focus on the Animal Kingdom. The data extracted was in XML format, and the
files were phylum-specific.
2.2. Data Processing

2.2.1. Convert XML to FASTA

The extracted XML files were converted to FASTA format for further use.
The description line of the fast contained the bin_uri (the unique identifier of the species)
and taxonomic hierarchy from the phylum to the species level followed by the nucleotide
sequence.

Figure 11. Example of a record in fasta file
2.2.2. Tree Building

A tree building program was implemented in Java to parse the fasta files and build a tree
from the phylum to the species level. Separate trees were built for each phylum. The
nucleotide sequences were stored in a MySQL database and were retrieved from the
database as needed.

2.2.3. Generate genus-specific fasta

Separate fasta files for each genus was then generated using the tree-building algorithm in
the previous step. Genus-specific fasta files are generated since PHMM training and scoring
would be done at the genus level.
16

2.3. Multiple Sequence Alignment using Clustal Omega

The genus-specific fasta files were given as input to Clustal Omega [17] command line tool
to obtain the aligned sequences file in fasta format.
The command for generating an alignment file is:
clustalo -i <path to input file> -o <path to output file>

Figure 12. Example of Alignment using Clustal
2.4. Profile Hidden Markov Models (PHMM)
The fasta files generated after performing MSA are used as input for PHMM. Prof. Heller’s
PHMM implementation in Java was used for this project. Additional code for crossvalidation was added to this implementation.

2.4.1. Steps for training and testing PHMMs

Step 1: From a family, delete one species from a genus.

17

Figure 13. Deletion of one species from tree
Step 2: Train PHMM for the genus of deleted species, and separate PHMM’s for other
genera of the family

Step 3: Use the deleted species as test

Figure 14. Training and test samples
Step 4: Test deleted species against its own genus and all genera of the family.
Step 5: Evaluate the model which gives the highest score for the test species. The species
is classified to the corresponding genus.
Step 6: Repeat step 1 to 5 until all species have been used as a test.

18

3. Results
Tree Building:

Figure 15. Tree Building result for Phylum Mollusca
PHMM Results:
In each experiment, all species of one genus are used as the test species one by one.
The following line graphs plot the Log Odds score obtained after evaluating the test species
against the PHMM models.

Experiment 1:
Phylum

Family

Chordata

Leuciscinae

19

Genus
Alburnoides
Cyprinella
Notropis
Squalius
Pseudophoxinus

1) Test Genus: Alburnoides

Figure 16. Scores for species of genus Alburnoides
2) Test Genus: Cyprinella

Figure 17. Scores for species of genus Cyprinella
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3) Test Genus: Notropis

Testing species of Notropis against Leuciscinae family
Species

-250

Scores

-200
-150
-100
-50

Train_Genus: Alburnoides

Train_Genus: Pseudophoxinus

Train_Genus: Squalius

Train_Genus: Cyprinella

Figure 18. Scores for species of genus Notropis
4) Test Genus: Squalius

Testing species of Squalius against Leuciscinae family
Species

-250

Scores

-200

-150
-100
-50
0

Train_Genus: Squalius

Train_Genus: Alburnoides

Train_Genus: Notropis

Train_Genus: Pseudophoxinus

Train_Genus: Cyprinella

Figure 19. Scores for species of genus Squalius
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chihuahua

stramineus

scepticus

chrosomus

petersoni

amabilis

chiliticus

rubricroceus

cummingsae

lutipinnis

Train_Genus: Notropis

leuciodus

atrocaudalis

ammophilus

heterolepis

procne

texanus

heterodon

anogenus

buccata

ariommus

photogenis

rubellus

buchanani

hudsonius

0

5) Test Genus: Pseudophoxinus

Testing Pseudophoxinus against Leuciscinae family
Species

-250

Scores

-200
-150
-100
-50
0

Train_Genus: Pseudophoxinus

Train_Genus: Alburnoides

Train_Genus: Notropis

Train_Genus: Squalius

Train_Genus: Cyprinella

Figure 20. Scores for species of genus Pseudophoxinus

Experiment 2:
Phylum

Family

Chordata

Gobiinae
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Genus
Trimma
Bathygobius
Eviota
Cryptocentrus

1) Test Genus: Trimma

Testing species of Trimma against Gobiinae family
Species

-300
-250

Scores

-200
-150
-100
-50
0

Train_Genus: Trimma

Train_Genus: Bathygobius

Train_Genus: Cryptocentrus

Train_Genus: Eviota

Figure 21. Scores for species of genus Trimma
2) Test Genus: Bathygobius

Scores

Testing species of Bathygobius against Gobiinae family
Species

-180
-160
-140
-120
-100
-80
-60
-40
-20
0

Train_Genus: Bathygobius

Train_Genus: Cryptocentrus

Train_Genus: Eviota

Train_Genus: Trimma

Figure 22. Scores for species of genus Bathygobius
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3) Test Genus: Eviota

Testing species of Eviota against Gobiinae family
Species

-250

Scores

-200
-150
-100
-50

0

Train_Genus: Eviota

Train_Genus: Bathygobius

Train_Genus: Cryptocentrus

Train_Genus: Trimma

Figure 23. Scores for species of genus Eviota
4) Test Genus: Cryptocentrus

Testing species of Cryptocentrus against Gobiinae family
Species

-1200

Scores

-1000
-800
-600
-400
-200
0

Train_Genus: Cryptocentrus

Train_Genus: Bathygobius

Train_Genus: Eviota

Train_Genus: Trimma

Figure 24. Scores for species of genus Cryptocentrus
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Experiment 3:
Phylum

Family

Mollusca

Littorininae

Genus
Littorina
Littoraria
Echinolittorina

1) Test Genus: Echinolittorina

Scores

Testing species of Echinolittorina against Littorininae family
Species

-1000
-900
-800
-700
-600
-500
-400
-300
-200
-100
0

Echinolittorina

Littorina

Littoraria

Figure 25. Scores for species of genus Echinolittorina
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2) Test Genus: Littoraria

Testing species of Littoraria against Littorininae family
Species

-250

Scores

-200
-150
-100
-50
0

Littoraria

Littorina

Echinolittorina

Figure 26. Scores for species of genus Littoraria
3) Test Genus: Littorina

Testing species of Littorina against Littorininae family
Species

-900
-800
-700

Scores

-600
-500
-400
-300
-200
-100
0

Littorina

Littoraria

Echinolittorina

Figure 27. Scores for species of genus Littorina
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Experiment 4:
Phylum

Family

Mollusca

Hydrobiidae

Genus
Pseudamnicola
Fluminicola
Fluviopupa

1) Test Genus: Fluminicola

Figure 28. Scores for species of genus Fluminicola
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2) Test Genus: Fluviopupa

Figure 29. Scores for species of genus Fluviopupa
3) Test Genus: Pseudamnicola

Figure 30. Scores for species of genus Pseudamnicola
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Experiment 5:

Phylum

Family

Annelida

Megascolecidae

Genus
Amynthas
Metaphire

Classifications:

Test Genus
Amynthas
Metaphire

No. of species classified
correctly
20
39

Total no. of species

Table 1 Amynthas and Metaphire classifications

1) Test Genus: Amynthas (Japan)

Figure 31. Scores for species of genus Amynthas(Japan)
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78
47

2) Test Genus: Metaphire (Japan)

Figure 32. Scores for species of genus Metaphire(Japan)

(Additional results are in the Appendix section)
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4. Discussion
The accuracy scores of the experiments are tabulated here:
Phylum

Family

Genus

Chordata

Ranidae

Pomacentrinae

Nemacheilidae

Leuciscinae

Gobiinae

Epinephelinae

Gekkonidae

Amolops
Hylarana
Rana
Total

No.
of
speci
es
12
15
35
62

No. of
species
classified
correctly
11
13
34
58

No. of
Accura
species
cy
classified
incorrectly
1
2
1
4
93.54%

Pomacentrus
Chrysiptera
Stegastes
Total

17
9
12
38

15
8
11
34

2
1
1
4

89.47%

Oxynoemacheilus
Schistura
Triplophysa
Total

19
11
15
45

19
10
14
43

0
1
1
2

95.55%

Alburnoides
Cyprinella
Notropis
Squalius
Pseudophoxinus
Total

11
14
50
21
12
108

11
11
49
15
12
98

0
3
1
6
0
10

Trimma
Bathygobius
Eviota
Cryptocentrus
Total

51
12
15
11
89

51
10
15
10
86

0
2
0
1
3

96.62%

Epinephelus
Cephalopholis
Liopropoma
Total

41
13
12
66

41
11
12
64

0
2
0
2

96.96%

Hemidactylus
Cyrtodactylus
Phelsuma
Paroedura

11
25
18
11

5
25
17
9

6
0
1
2
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90.74%

Cyprininae

Labridae

Mollusca

Littorininae

Hydrobiidae

Annelida

Megascolecidae

Total

65

56

9

86.15%

Enteromius
Pethia
Luciobarbus
Total

26
12
14
52

26
11
14
51

0
1
0
1

98.07%

Choerodon
Halichoeres
Cirrhilabrus
Bodianus
Thalassoma
Total

15
14
14
17
10
70

15
12
14
14
8
63

0
2
0
3
2
7

90.00%

Littorina
Littoraria
Echinolittorina
Total

11
17
28
56

9
17
27
53

2
0
1
3

94.64%

Pseudamnicola
Fluminicola
Fluviopupa
Total

7
17
12
36

7
17
12
36

0
0
0
0

100%

Amynthas
Metaphire
Total

78
47
125

20
39
59

58
8
66

47.2%

13
3
16

5
9
14

53.33%

Amynthas (Japan) 18
Metaphire (Japan) 12
Total
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Table 2 Accuracies of all the experiments performed
A total of 942 species were tested from 3 phyla – Chordata, Annelida and Mollusca. 9 families
from Chordata, two families from Mollusca and one family from Annelida were used.
At the family level, all families except Megascoleidae (phylum: Annelida) gave good accuracy
scores. The highest score was for family Hydrobiidae of phylum Mollusca with an accuracy of
100%.
The experiments performed gave an overall accuracy score of 93.88%.
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In most of the experiments performed, the difference between the scores obtained from the actual
genus training model was much higher than those produced by the training models of other
genera thus providing a clear distinction between the genera. Further evaluation of some of the
species which were classified incorrectly gave some interesting insights about them.

Amolops panhai was incorrectly classified as belonging to genus Hylarana instead of Amolops.
Similarly, Schistura geisleri was incorrectly classified as Triplophysa instead of Schistura.
Further analysis of Amolops and Schistura lead to some evidence [18][19] that there may be
polyphyly in these groups. A polyphyletic group does not have a single common ancestor while
a monophyletic group has one common ancestor.

Figure 33. Monophyly and Polyphyly
Usually, monophyletic groups are preferred over polyphyletic groups in a classification system
because the prediction of new species is far more accurate with monophyletic groups [20] [21].
The classification history of some of the other misclassified species like Hylarana tytleri,
Cyprinella zanema, Squalius cephalus pointed out that species are often moved around from one
genus to another based on new evidence found. Squalius cephalus, since its discovery has been
classified into three different genera [22]. There are often disagreements within the scientific
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community itself about the classification of a species. There are cases where the same species is
mentioned as belonging to different genera in different literature [23].

Further analysis was also conducted on the Annelida phylum which has a very low accuracy
score. Amynthas and Metaphire genera, on which the experiments were conducted are types of
earthworms. In [24], the authors found that the evolutionary rate of change of the COI sequences
of Earthworms differs in different geographic areas in the world. Thus, if the classification were
done using COI sequences of samples collected from different regions, it would not give
accurate results [25]. This could be a reason why our experiments gave a very low accuracy
since the samples have been collected from several countries across Southeast and South Asia.
Experiments were again conducted but this time, restricting to only COI sequences from one
region – Japan was selected as the region of choice. This time, 13 out of the 18 species of
Amynthas were classified correctly. However, for Metaphire, the accuracy was still low with 3
out of 12 species getting classified correctly. Also, from Fig [33] & [34] we can see that the
difference in scores in very less. Having more data in the training set could help in achieving a
more accurate classification. Thus, geographic sites could be a factor to be considered for some
phyla while classification using DNA barcoding.

Thus, Profile Hidden Markov models are an effective method which can be used for classifying
species. For future work, other machine learning algorithms like Adaboost, Random Forest and
Support Vector Machines could also be used to classify species. Convolutional neural networks
have also proven to be successful for the classification of species [26].
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APPENDIX:
This section includes the remaining experiments of the Results Section
Experiment 6:
Phylum

Family

Chordata

Ranidae

Genus
Amolops
Hylarana
Rana

1) Test genus: Amolops

Testing species of Amolops against Ranidae family
Species

-300
-250

Scores

-200
-150

-100
-50
0

Amolops

Hylarana

Rana

Figure 34. Scores for species of genus Amolops
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2) Test Genus: Hylarana

Testing species of Hylarana against Ranidae family
Species

-700
-600

Scores

-500

-400
-300
-200
-100
0

Hylarana

Amolops

Rana

Figure 35. Scores for species of genus Hylarana
3) Test Genus: Rana

Testing species of Rana against Ranidae family
Species

-800
-700

Scores

-600
-500
-400

-300
-200
-100
0

Rana

Amolops

Hylarana

Figure 36. Scores for species of genus Rana
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Experiment 7:
Phylum

Family

Chordata

Pomacentrinae

Genus
Pomacentrus
Chrysiptera
Stegastes

1) Test Genus: Pomacentrus

Testing species of Pomacentrus against Pomacentrinae
family
Species

-1400
-1200

Scores

-1000
-800
-600
-400
-200
0

Pomacentrus

Chrysiptera

Stegastes

Figure 37. Scores for species of genus Pomacentrus
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2) Test Genus: Chrysiptera

Scores

Testing species of Chrysiptera against
Pomacentrinae family
Species

-500
-450
-400
-350
-300
-250
-200
-150
-100
-50
0

Chrysiptera

Pomacentrus

Stegastes

Figure 38. Scores for species of genus Chrysiptera
3) Test Genus: Stegastes

Scores

Testing species of Stegastes against Pomacentrinae
family
Species

-1400
-1200
-1000
-800
-600
-400
-200
0

Stegastes

Chrysiptera

Pomacentrus

Figure 39. Scores for species of genus Stegastes
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Experiment 8:
Phylum

Family

Chordata

Nemacheilidae

Genus
Oxynoemacheilus
Schistura
Triplophysa

1) Test Genus: Oxynoemacheilus

Testing species of Oxynoemacheilus against Nemacheilidae
family
Species

-800
-700
-600

Scores

-500
-400
-300
-200
-100
0

Oxynoemacheilus

Schistura

Triplophysa

Figure 40. Scores for species of genus Oxynoemacheilus
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2) Test Genus: Schistura

Testing species of Schistura against Nemacheilidae family
Species

-1800
-1600
-1400

Scores

-1200
-1000
-800
-600
-400

-200
0

Schistura

Oxynoemacheilus

Triplophysa

Figure 41. Scores for species of genus Schistura
3) Test Genus: Triplophysa

Testing species of Triplophysa against Nemacheilidae family
Species

-900
-800
-700

Scores

-600
-500
-400
-300
-200
-100
0

Triplophysa

Oxynoemacheilus

Schistura

Figure 42. Scores for species of genus Triplophysa
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Experiment 9:
Phylum

Family

Chordata

Epinephelinae

Genus
Epinephelus
Cephalopholis
Liopropoma

1) Test Genus: Epinephelus

Testing species of Epinephelus against Epinephelinae family
Species

-180
-160
-140

Scores

-120
-100
-80
-60
-40
-20
0

Epinephelus

Cephalopholis

Liopropoma

Figure 43. Scores for species of genus Epinephelus
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2) Test Genus: Cephalopholis

Scores

Testing species of Cephalopholis against
Epinephelinae family
Species

-200
-180
-160
-140
-120
-100
-80
-60
-40
-20
0

Cephalopholis

Epinephelus

Liopropoma

Figure 44. Scores for species of genus Cephalopholis
3) Test Genus: Liopropoma

Testing species of Liopropoma against
Epinephelinae family
Species

-250

Scores

-200
-150
-100
-50
0

Liopropoma

Cephalopholis

Epinephelus

Figure 45. Scores for species of genus Liopropoma
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Experiment 10:
Phylum

Family

Chordata

Gekkonidae

Genus
Hemidactylus
Cyrtodactylus
Phelsuma
Paroedura

1) Test Genus: Cyrtodactylus

Testing species of Cyrtodactylus against Gekkonidae
family
Species

-250

Scores

-200
-150
-100
-50
0

Cyrtodactylus

Hemidactylus

Paroedura

Phelsuma

Figure 46. Scores for species of genus Cyrtodactylus
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2) Test Genus: Hemidactylus

Testing species of Hemidactylus against Gekkonidae
family
Species

-350

-300

Scores

-250
-200
-150
-100
-50
0

Hemidactylus

Cyrtodactylus

Paroedura

Phelsuma

Figure 47. Scores for species of genus Hemidactylus

3) Test Genus: Paroedura

Testing species of Paroedura against Gekkonidae family
Species

-250

Scores

-200
-150
-100
-50
0

Paroedura

Cyrtodactylus

Hemidactylus

Phelsuma

Figure 48. Scores for species of genus Paroedura
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4) Test Genus: Phelsuma

Testing species of Phelsuma against Gekkonidae family
Species

-250

Scores

-200

-150

-100

-50

0

Phelsuma

Cyrtodactylus

Hemidactylus

Paroedura

Figure 49. Scores for species of genus Phelsuma
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Experiment 11:
Phylum

Family

Chordata

Labridae

Genus
Bodianus
Choerodon
Cirrhilabrus
Halichoeres
Thalassoma

1) Test Genus: Bodianus

Testing species of Bodianus against Labridae family
Species

-250

Scores

-200

-150

-100

-50

0

Bodianus

Choerodon

Cirrhilabrus

Halichoeres

Thalassoma

Figure 50. Scores for species of genus Bodianus
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2) Test Genus: Choerodon

Testing species of Choerodon against Labridae family
Species

-250

Scores

-200
-150
-100
-50

0

Choerodon

Bodianus

Cirrhilabrus

Halichoeres

Thalassoma

Figure 51. Scores for species of genus Choerodon
3) Test Genus: Cirrhilabrus

Testing species of Cirrhilabrus against Labridae family
Species

-250

Scores

-200
-150
-100
-50
0

Cirrhilabrus

Bodianus

Choerodon

Halichoeres

Thalassoma

Figure 52. Scores for species of genus Cirrhilabrus
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4) Test Genus: Halichoeres

Testing species of Halichoeres against Labridae family
Species

-250

Scores

-200
-150
-100
-50
0

Halichoeres

Bodianus

Choerodon

Cirrhilabrus

Thalassoma

Figure 53. Scores for species of genus Halichoeres
5) Test Genus: Thalassoma

Scores

Testing species of Thalassoma against Labridae family
Species

-200
-180
-160
-140
-120
-100
-80
-60
-40
-20
0

Thalassoma

Bodianus

Choerodon

Cirrhilabrus

Halichoeres

Figure 54. Scores for species of genus Thalassoma
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Experiment 12:
Phylum

Family

Chordata

Cyprininae

Genus
Enteromius
Pethia
Luciobarbus

1) Test Genus: Enteromius

Testing species of Enteromius against Cyprininae family
Species

-250

Scores

-200

-150

-100

-50

0

Enteromius

Luciobarbus

Pethia

Figure 55. Scores for species of genus Enteromius
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2) Test Genus: Luciobarbus

Testing species of Luciobarbus against Cyprininae family
Species

-500
-450
-400

Scores

-350
-300
-250
-200
-150
-100
-50
0

Luciobarbus

Enteromius

Pethia

Figure 56. Scores for species of genus Luciobarbus
3) Test Genus: Pethia

Testing species of Pethia against Cyprininae family
Species

-250

Scores

-200
-150
-100
-50
0

Pethia

Enteromius

Luciobarbus

Figure 57. Scores for species of genus Pethia
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